Over the past two decades, blood lead levels among U.S. children have been reduced by approximately 80%. This decline reflects both primary interventions (removal of lead solder from food beverage cans and virtual elimination of lead additives from gasoline) and secondary prevention strategies (public health programs and nutritional intervention). Nonetheless, pediatric lead poisoning (i.e., blood lead concentrations . 10 pg/dl) continues to occur in 8.9% of 1-to 5-year-old children. Currently, blood lead concentrations exceed the U.S. Centers for Disease Control's targeted value (10 jig/dl), most often among minority and low-income populations. These same subpopulations are at greatest risk of marginal nutrition status (especially for iron and calcium), which increases their susceptibility to lead toxicity. Adverse child feeding practices (e.g., irregular temporal patterns of food intake) are also of concern among the subpopulations at highest risk to excessive lead exposure. This paper describes nutrition interventions and public health strategies aimed at minimizing the transfer of lead from external or environmental dose to internal dose as reflected by blood lead concentration.
Public health strategies have evolved over the past half-century to assess the risks and benefits of trace quantities of chemicals. Trace quantities typically describe substances present in sources at parts per million concentrations (ppm) or less. Virtually all of these chemicals can produce adverse effects on human health if the con-centration of these chemicals that reaches target organs is high enough (1) . A small subset of this broad group of chemicals is required for human life (2) and is designated as nutrients. A few chemicals, such as fluorine, are not required to sustain life, but over a narrow range of concentrations produce beneficial effects, e.g., reduction in the prevalence of dental caries. For many trace elements, the ratio between quantities required nutritionally and quantities that produce toxicity is narrow. Often this ratio is as low as 1:10 and may be as narrow as 1:3.
During the past 15 years, lead exposures in the United States have fallen; this is reflected by a decrease of approximately 80% in blood lead concentrations of the general population (3) (4) (5) . This decline resulted from both primary and secondary efforts at prevention of lead toxicity. Major sources of lead exposure have been dramatically reduced-elimination of lead solder from U.S.-produced food and beverage cans and a virtual phase-out of lead additives to gasoline. Despite these successes, lead sources remain, predominantly in lead-based paint in deteriorating housing. More than ever, lead has become an environmental justice issue.
Lead poisoning prevention programs organized by federal, state, and local governments have been a major secondary prevention strategy; nutrition components are part of these public health programs (6 Assessment of exposures to environmental chemicals typically considers multimedia sources such as air, water, food, soil, and dust. Risk management strategies are focused on how to reduce exposures from many media. Some media are centrally controllable (e.g., phase-down and phaseout of lead additives for gasoline or restrictions of use of lead solders in food cans), while other exposure media are much more difficult to change through regulation (e.g., residential lead-based paints present in millions of homes in the United States). Those hazards that are not centrally controlled raise particularly vexing problems to public health decision makers. To clinicians, local public health officers, nurses, etc., finding effective secondary intervention techniques to reduce the effects of such exposures remains a challenge while primary prevention strategies are implemented.
Nutrition as a Component of Intervention in Lead Toxicity
The role of nutritional status in altering susceptibility to lead toxicity has been recognized through most of this century. A variety of methods (e.g., experimental studies, clinical assessments, epidemiology investigations) have been used to establish the association between nutritional status and susceptibility to lead toxicity. Typically, data derived from feeding animals rigidly controlled, nutritionally inadequate diets for most of their growth period have shown the greatest influence of nutritional status on susceptibility to lead toxicity. Research based on these animal experiments has yielded a great deal of useful information on how nutrients modify lead toxicity and, in more recent years, how lead modifies metabolism of nutrients. Typically, human dietary patterns are far more complex. Patterns of food intake and selection rarely yield a diet containing inadequate or excessive amounts of only one nutrient. Typically individuals' dietary selections do not produce overt dietary deficiency. Consequently, human studies have confirmed the association between marginal nutritional status and susceptibility to lead toxicity but rarely show the magnitude of the effects identified with experimental animals.
For some nutrients the basis for their alteration in susceptibility to lead toxicity is well delineated, e.g., the physiological and biochemical basis for susceptibility altered by calcium or iron status. By contrast, it is not well understood how total food intake and percent dietary fat modify lead retention.
Total Food Intake
Among adults, ingestion of lead during a period of fasting results in greater absorption of lead than if lead were ingested with food. For example, Rabinowitz et al. (15) reported that among adult male subjects, lead ingested without food was 35% absorbed, whereas tracer amounts of lead ingested with food were 8.2% absorbed. Blake et al. (16) and Flannagan et al. (17) have also identified greater fractional absorption of lead when lead was ingested by either adult male or adult female subjects while in a fasting state. The period evaluated by Flannagan et al. (17) was an overnight fast. There are no data available for children on whether fasting increases lead absorption. It is very likely that this result in adults can be extrapolated to children. It may be that children have increased lead absorption following even shorter fasting times than adults because they have more rapid gastric emptying times than adults. Since children have more rapid gastric emptying times than adults, the fasting/nonfasting retention of lead is likely to be even more important.
Total Fat Intake
Although the influence of dietary fat level as a determinant of the fraction of lead absorbed has provoked a number of inquiries, data on this topic are limited to a few studies with experimental animals. Barltrop and Khoo (18) observed that lead absorption depends on both the quantity and type of dietary fat. Increasing the corn oil content of the rat's diet from 5 to 40% resulted in 7-to 14-fold increases in lead content of several tissues. Quarterman et al. (19) observed that the degree of lead absorption varied with the type of dietary fat and showed that lecithin, when mixed with bile salts, and to a smaller extent, choline, increased lead uptake. However, the importance of small amounts of phospholipid remains in doubt. In 10-week studies, Ku et al. (20) found that, for both young and mature rats, ingesting either lead acetate or a complex of lead and phospholipids resulted in similar concentrations of lead in femur, kidney, liver, and brain. By comparison with the degree of documentation of the effects of other nutrients (e.g., calcium or iron), the role of dietary fat remains poorly established.
Calcium Intake
Extensive data indicate that dietary calcium intake and nutritional status of calcium influence susceptibility to lead toxicity.
Environmental Health Perspectives
These have been reviewed in detail by Mahaffey (21) (22) (23) . As understanding of calcium-mediated cell functions has expanded, the hypothesis that a fundamental calcium-agonist role might be central to lead toxicity has been postulated (24, 25) . In particular, lead-induced changes in skeletal development and regulation of skeletal mass assume particular significance because of the role of bone as the major internal source of lead and calcium (25) .
In 1926, Aub (26) 
Iron Intake
As with dietary calcium, susceptibility to lead toxicity is modified by nutritional status for iron. In 1972, Mahaffey-Six and Goyer first reported that rodents fed an iron-deficient diet experienced increased susceptibility to lead toxicity (42) . Unlike calcium deficiency, iron deficiency in rats appeared not to result in a redistribution of lead to nonosseous tissues. These original observations were confirmed by others including Ragan (43) and Hamilton (44) . Iron-deficient rodents increased lead absorption (17, 44, 45) but not excretion (45) . A newly identified iron-binding protein recently isolated from rat duodenum and named mobilferrin [which competitively binds lead, as well as iron (46) ] has been isolated from human duodenal mucosa (46) . Low-iron status of adult human subjects has been reported to increase (47) or not significantly change (17) gastrointestinal absorption of lead.
Modification of the hematological and neurological effects of lead by iron status has been investigated. Impairment of cognitive function among iron-deficient children has been recognized (48) (49) (50) (51) . Likewise, deficits in intellectual development associated with increasing blood-lead concentration over the range of 10 to 30 pg/dl are recognized among children, independent of social and economic background (52) (53) (54) . Comparatively few studies have carefully assessed both nutritional status for iron and body stores of lead as indexed by blood-lead concentration. One of the few reported studies to date is the prospective assessment of lead exposure, iron status and infant development among groups of young children living in a low-lead exposed town and a high-lead exposed (smelter-based exposure) town in Yugoslavia (55) . Independent associations between blood-lead and hemoglobin concentrations were found for this population. A rise in blood-lead concentrations at 2 years of age from 10 to 30 pg/dl was associated with an estimated 2.5 point decrement in the Mental Development Index at 6, 12, and 18 months of age. A decrease in hemoglobin concentration at 18 months of age from 12 to 10 gm/dl was associated with an estimated 3.4 point decrement in Mental Development Index. The finding of the iron effect in both towns suggests that the iron-related decrement occurred independent of the effects of lead. The importance of the severity of iron deficiency or lead exposure as well as the timing of these conditions can be expected to greatly influence the extent of the cognitive deficit.
In contrast to our admittedly limited understanding of the interaction of lead and iron in cognitive deficits, the effects of lead and iron on the heme biosynthetic pathways have been well characterized biochemically. Lead inhibits three major enzymes, 5-aminolevulinic acid synthetase, porphyrobilinogen synthetase, and ferro synthetase (56) , as well as interferes with mitochondrial energy metabolism. Ferro synthetase activity is modified by lead and iron. Kapoor et al. (57) reported that when low iron levels are present, ferro synthetase is more sensitive to lead effects.
As with calcium, broadly speaking, research and public health experience indicate that: inadequate dietary intake of iron as well as long-term modifications to marginal nutritional status for iron increases absorption and tissue concentrations of lead; iron-mediated biochemical and physiological processes are modified by lead toxicity; adverse effects of lead on the hematologic system appear to be more severe among iron-deficient subjects;
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What is the Role of Nutrition in Public Health Management of Lead-exposed Children?
At least four nutritional conditions increase the adverse consequences of environmental lead exposures: irregular food intake (i.e., periods of fasting), high fat intake, marginal calcium ingestion, and subtle iron deficiency. Although marginal nutritional status is more common among subpopulations at greater risk of lead toxicity, any risk assessment or risk management decision on the role of nutrition must rest on the fundamental understanding that lead toxicity is caused by exposure to lead and not by nutritional deficiency. However, the fractional transfer of lead from the environment (referred to as external dose) to target tissues (described as internal dose) can be modified by nutritional status. Likewise, many biochemical and physiological processes that are Ca2+ or Fe2+/Fe3+ dependent are adversely affected by lead.
Adverse effects of lead occur at exposures previously considered acceptable; for example, contrast the Centers for Disease Control (6) recommendations for prevention of childhood lead toxicity in 1985 (blood-lead < 25 pg/dl combined with erythrocyte protoporphyrin in an acceptable range) and 1991 (blood-lead <10 jig/dl) (58) . Fortunately interventions to lower lead exposure in the United States produced a marked decrease in blood-lead concentrations over the past 15 years. For example, mean blood-lead concentrations for children in the United States 1 to 5 years of age was 12.8 pg/dl in the period 1976 to 1980 (3) . By 1989 to 1991, mean blood-lead levels for 1-to 5-year-old children declined to 2.8 pg/dl, approximately an 80% decrease (5). These changes were produced by virtual elimination of the leadsoldered side seam cans for foods and beverages and a near total phase-out of lead in gasoline. In addition, public health programs aimed at identification and management of lead-poisoned children contributed to the decline in blood-lead levels.
Public health programs for management of elevated blood-lead levels in children included nutrition as part of the intervention (58 Regarding the use of pharmacological levels of nutrients, the potential for development of secondary nutritional imbalances must be seriously considered. For example, high intakes of dietary calcium can induce secondary zinc deficiency (2), or elevated iron intakes can make a marginal zinc or copper intake inadequate (2). These effects depend, of course, on the chemical species of the element and the quantity of the element in the diet.
Fortunately, most food patterns that reduce susceptibility to lead toxicity (e.g., regular meals, low-to modest-fat diets, adequate dietary intake of calcium and iron) are consistent with most other recommendations for an optimal diet. The public health dilemma is not should these diets be chosen, but how to foster these food and nutrition patterns.
The success of the past 15 years in lowering blood-lead concentrations of the general population by about 80% demonstrates that public health measures can succeed. This success reflects primary interventions that reduced lead exposure from food and water, in addition to dust-virtual elimination of lead from the soldered food and beverage cans and near total phase-out of lead-based gasoline additives. Secondary interventions by public health programs and individual physicians included nutritional components. Both components are part of the success for the general population. Despite these achievements, lead exposures remain a health problem for a portion of children in the United States. Children of low-income families continue to have blood-lead values substantially above those of the general population. Most of these exposures are from lead-based, residential paint. The NHANES III data (5) show that 4.5% of all 1-to 2-year-old children had blood-lead levels 210 pg/dl; however, 21.6% of 1-to 2-year-old non-Hispanic black children had blood-lead levels > 10 pig/dl. Among nonHispnaic black children 3 to 5 years of age, the prevalence of blood lead levels 10 pg/dl or greater was 20.0% compared with 3.7% among non-Hispanic children (5) . Cleanup of residential lead sources remains a particularly recalcitrant problem. The need for nutritional intervention as a component of secondary interventions strategies remains. For example, low-iron status and elevated lead exposure both are more common in minority and poor populations. To illustrate, iron-deficiency anemia was Environmental Health Perspectives identified among 29% of children of lowincome families in contrast to less than 5% among higher income families' children (59) . Anemia among pregnant women (due to iron deficiency or other causes) occurs throughout pregnancy among low-income women: first trimester (hemoglobin < 11.0 g/dl or hematocrit < 33.0), 9.8%; second trimester (hemoglobin < 10.5 g/dl and hematocrit <31.5), 13.8%; and third trimester (hemoglobin < 11.0 g/dl or hematocrit < 33.0), 33% (60) . The prevalence of anemia was highest among women of African-American ancestry (60) .
Knowledge about the physiological basis of nutritional intervention and about lead exposure and adverse health effects must be combined with understanding of families' food habits and eating patterns. Successful nutrition intervention strategies draw on expertise of nutrition educators, dietitians, social workers, and nurses involved with families at a local level. Both the inequity of patterns of lead exposure and marginal nutritional status reflect environmental justice issues; the poor and minorities are disproportionately adversely affected.
